Abstract. Coronary artery disease (CAD) and cerebral infarction (CI) remain major causes of morbidity and mortality in humans. Recent genome-wide association studies have identified various genetic variants associated with these diseases. However, these studies were commonly conducted in a cross-sectional manner. Therefore, the present research performed longitudinal exome-wide association studies for CAD and CI using data on ~244,000 genotyped variants and the clinical data of 6,026 Japanese individuals who had attended annual health checkups for several years (mean followed-up period, 5±3 years). Following quality controls, the significance [false discovery rate (FDR) of <0.05] of association of the diseases with 24,651 single nucleotide polymorphisms (SNPs) in 5,989 individuals for three inheritance models was tested using the generalized estimating equation model. SNPs that reached statistical significance were further screened against a threshold of approxdf (a scale of small effective sample size) of >30. The longitudinal exome-wide association studies revealed that three SNPs [rs4606855 of ADGRE3 (P=2.5x10 -6 ; FDR=0.031; approxdf=71), rs3746414 of ZFP64 (P=5.9x10 -6 ; FDR= 0.048; approxdf=93) and rs7132908 of FAIM2 (P<2.0x10 -16 ; FDR<4.9x10 -12 ; approxdf=65)] were significantly associated with the prevalence of CAD. A different set of three SNPs [rs6580741 of FAM186A (P<2.0x10 -16 ; FDR<4.9x10 -12 ; approxdf=48), rs1324015 of LINC00400 (P<2.0x10 -16 ; FDR<4.9x10 -12 ; approxdf=49) and rs884205 of TNFRSF11A (P<2.0x10 -16 ; FDR<4.9x10 -12 ; approxdf=32)] was significantly associated with CI. The comparison of disease incidence with these SNPs demonstrated that all the minor alleles were associated with decreased susceptibility to CAD or CI. In conclusion, six novel SNPs were identified as susceptibility loci for CAD (rs4606855 of ADGRE3, rs3746414 of ZFP64, and rs7132908 of FAIM2) or CI (rs6580741 of FAM186A, rs1324015 of LINC00400, and rs884205 of TNFRSF11A).
Introduction
Coronary artery disease (CAD) remains the worldwide leading cause of mortality among men and women (1) . The American Heart Association reported that in 2014 there were 364,593 mortalities from CAD in the United States (2) , based on 2014 mortality data from the National Center for Health Statistics (3) . In Japan, the Ministry of Health, Labour and Welfare has reported that the rate of mortality per 100,000 population from acute ischemic heart diseases was 71,673 in 2015 (4) . Cerebral infarction (CI) is also a serious clinical problem worldwide. In the United States, approximately 610,000 and 185,000 people experience new and recurrent stroke events each year, respectively, and it was estimated that the prevalence of silent CI ranged from 6-28% from 1993 to 2005 (2) . In 2015, the number of mortalities from CI and intracerebral hemorrhage in Japanese patients was 64,523 and 32,113, respectively (4) . Therefore, examination of CAD and Six novel susceptibility loci for coronary artery disease and cerebral infarction identified by longitudinal exome-wide association studies in a Japanese population CI susceptibility variants in Japanese individuals may be key to successful personalized prevention of these diseases. Previous genome-wide association studies (GWASs) have identified a variety of genes and loci that confer susceptibility to CAD and CI across various ethnic groups, and have reported inter-ethnic differences of genetic contribution to these diseases (5) (6) (7) (8) (9) (10) (11) . A meta-analysis using datasets of the CARDIoGRAMplusC4D, MIGen and CARDIoGRAM Exome consortia and ESP EOMI studies assessed the association of genetic variants in several chemokine receptor genes with CAD and myocardial infarction (6) . The study did not identify any evidence of an association between the genetic variants and disease in large European ancestry cohorts, whereas six low frequency variants were associated with myocardial infarction in a South Asian cohort. Another meta-analysis of two independent Chinese GWASs for CAD identified four CAD-associated loci that were not present in populations of European ancestry (7) . Inter-ethnic difference of disease susceptibility loci has also been reported in GWASs for ischemic stroke (i.e., CI). A GWAS for ischemic stroke in 6,341 Japanese individuals who participated in three independent population-based studies identified that cadherin EGF LAG seven-pass G-type receptor 1 (CELSR1) was a susceptibility gene for ischemic stroke (10) . The association of CELSR1 with stroke has been confirmed in a Portuguese cohort (12) ; however, the Siblings With Ischemic Stroke Study did not demonstrate an association of 312 probands with ischemic stroke from 70 centers in the USA and Canada (13, 14) . The discrepancy of disease-susceptible variants among populations may be due to differences of genetic background among ethnic groups.
Although recent GWASs have identified a large number of genetic variants that confer susceptibility to cardiovascular diseases (5, 7, 9, 14, 15) , they have been conducted in a cross-sectional manner that commonly measures traits at a single point in time. To address this issue, the present study examined disease progression and physiological changes in 5,989 Japanese individuals who had annual health check-ups for several years, and performed longitudinal exome-wide association studies (EWASs) to investigate novel susceptibility loci for CAD and CI.
Materials and methods
Study subjects. The physiological data of 6,026 community-dwelling individuals recruited to a population-based cohort study (Inabe Health and Longevity Study) in Inabe City, Japan was traced (16) (17) (18) (19) (20) . These individuals visited Inabe General Hospital for an annual health check-up, with a mean annual follow-up period of 5±3 years (covering April 2003 to March 2014). All participants had undergone 1 to 11 medical examinations. This cohort was denoted as the 'Inabe cohort' in the longitudinal EWASs. Detailed methods for the recruitment of subjects and for the collection and storage of medical examination data and genomic DNA samples have been described previously (19) . Diagnostic criteria for CAD and CI have also been described previously (18) .
The study protocol complied with the Declaration of Helsinki and was approved by the Committees on the Ethics of Human Research of Mie University Graduate School of Medicine and Inabe General Hospital (Inabe, Japan). Written informed consent was obtained from all subjects prior to enrollment in the Inabe Health and Longevity Study.
Longitudinal EWAS. Infinium HumanExome-12 ver. 1.2 BeadChip and Infinium Exome-24 ver. 1.0 BeadChip (Illumina, Inc., San Diego, CA, USA) were used to genotype ~244,000 genetic variants in the Inabe cohort for longitudinal EWASs. These arrays include putative functional exonic variants selected from >12,000 individual exome and whole-genome sequences across diverse ethnic populations, including European, African, Chinese and Hispanic individuals (21) . Missing genotype or phenotype data of each individual was eliminated from the analyses. Quality control of genotyping data was performed, and monomorphic sites and the following genetic variants were discarded: i) Variants contained in only one of the exome arrays used (~3.6% of all variants); ii) variants with a call rate of <97.0%; iii) variants with a minor allele frequency (MAF) of <0.05; iv) variants whose genotype distribution significantly deviated from Hardy-Weinberg equilibrium (P<0.001) in controls; and v) variants located on mitochondrial DNA or sex chromosomes.
In addition, sex specification was checked for each sample, with samples for which the sex designation in the clinical records was inconsistent with genetic sex discarded. Cryptic relatedness and duplicate samples were checked by calculation of identity by descent (IBD); all pairs of DNA samples exhibiting an IBD of >0.1875 were inspected and one sample from each pair was excluded. Population stratification in the Inabe cohort was examined by principal component analysis via the EIGENSTRAT method (22) , using JMP Genomics version 6.0 (SAS Institute, Inc., Cary, NC, USA), and four outliers were removed from the longitudinal EWASs. Consequently, a total of 24,651 single nucleotide polymorphisms (SNPs) among 5,989 Japanese individuals passed quality control for the longitudinal EWASs of CAD and CI. The rearrangement of Inabe longitudinal data was conducted using R software version 3.32 (23) via RStudio version 1.0.136 (http://www.rstudio.com/) (24) and Perl script (version 5.26.2; https://www.perl.org/get.html). Using JMP Genomics, genotyping data were converted into numeric data for dominant, additive and recessive inheritance models. The dominant and recessive models were defined as '0, AA; 1, AB + BB' and '0, AA + AB; 1, BB' (A, major allele; B, minor allele), respectively, whereas the additive model was defined as '0, AA; 1, AB; 2, BB'.
Statistical analysis. Longitudinal EWASs were conducted for 5,713 control individuals, 170 subjects with CAD, and 117 with CI (Table I ). The association of the prevalence of CAD and CI with SNPs was tested by the generalized estimating equation (GEE) model (25, 26) with adjustments for age, sex, body mass index (BMI), smoking and prevalence of hypertension, type 2 diabetes mellitus and dyslipidemia, using the R package 'geepack' (27) . Since the prevalence of CAD and CI is repeated categorical data (case or control), a binomial distribution was applied for assessing the association between the categorical outcomes and SNPs in the GEE method. The waves argument was used to specify the ordering of repeated measurements within individuals. Effects of SNPs in exome arrays on CAD or CI are not independent as many SNPs are in linkage disequilibrium (LD) (13, 28, 29) . Therefore, the false discovery rate (FDR) was calculated using the Benjamin and Hochberg method (30) to compensate for multiple comparison of genotypes with the phenotypes. An FDR of <0.05 was considered to indicate a statistically significant association.
A small effective sample size may increase the probability of generating false positives (type I errors) (31). Sitlani et al (31) recommend the use of approxdf, which is a scale of small effective sample size: Approxdf = 2 x MAF x Nindep, where Nindep is the sum of the estimated number of independent observations per person. They demonstrated that an approxdf of ≥10 could reduce type I errors. Thus, approxdf was computed by the R package 'bosswithdf' (31, 32) . To avoid the issue of false positive association in small sample sizes, a strict approxdf threshold was applied, and SNPs with approxdf ≤30 discarded. 
Results
Characteristics of subjects. The characteristics of subjects in the Inabe cohort with respect to longitudinal data are presented in Table I . The prevalence of hypertension, type 2 diabetes mellitus, dyslipidemia, chronic kidney disease and hyperuricemia was higher in patients with CAD or CI than in controls. The prevalence of CAD and CI was lower in females (39 CAD and 37 CI patients) than in males (131 CAD and 80 CI patients). The majority of physiological or clinical parameters examined (age, BMI, systolic and diastolic blood pressure, fasting plasma glucose level, blood hemoglobin A 1c content and serum concentrations of triglycerides, creatinine, and uric acid) were higher, whereas serum concentrations of high-density lipoprotein-cholesterol and estimated glomerular filtration rate were lower, in the patients than in the controls. The serum concentration of low-density lipoprotein-cholesterol was lower in patients with CAD (2.76±0.032 mmol/l) than in controls (3.19±0.005 mmol/l). This discrepancy may be (Table II) .
According to the GRASP, DisGeNET and GWAS Catalogue databases, the association of the three SNPs with CAD has not been reported to date. Therefore, the three SNPs were identified as novel genetic variants that may confer susceptibility to CAD. The nucleotide substitution at rs7132908 in FAIM2 is predicted to be a silent substitution in the 3'-untranslated region, while the remaining two SNPs are predicted to alter amino acid residues (i.e., nonsynonymous substitutions), according to the NCBI dbSNP database [https://www.ncbi. nlm.nih.gov/projects/SNP/ (42)].
Genotype distributions for rs4606855, rs3746414 and rs7132908 in subjects with CAD and controls in the longitudinal EWAS are listed in Table III. In the current study, the prevalence of CAD was lower in subjects with minor alleles than in those with major alleles for all SNPs, suggesting the CC genotype of rs4606855 and the AA genotypes of rs3746414 and rs7132908 to be protective against CAD. ; approxdf=32)] were significantly associated with the prevalence of CI in the recessive model, although the GEE tests in the dominant and additive models detected no significant association between SNPs and the prevalence of CI (Table II) . The CI-associated SNPs detected in the recessive model were not shared with the CAD-associated SNPs. The nucleotide substitution at rs6580741 in FAM186A is predicted to alter an amino acid residue (Table II) , whereas the substitutions at the other SNPs are predicted as silent, according to the NCBI dbSNP.
Association of SNPs
The rs6580741 of FAM186A is located relatively close (~464 kb) to rs7132908 of FAIM2 at chromosomal region 12q13.12, although these SNPs were related to the different diseases. The LD among these SNPs was thus examined among participants in the Inabe cohort using the R package 'genetics' [https://CRAN.R-project.org/package=genetics (43) ]. The estimation demonstrated that these SNPs were not in LD (D'=0.045, r 2 =0.002), suggesting that rs7132908 and rs6580741 were independently associated with the prevalence of CAD and CI, respectively. Table II FDR, false discovery rate; CAD, coronary artery disease; CI, cerebral infarction; MAF, minor allele frequency; Std. err., standard error.
Genotype distributions for rs6580741, rs1324015 and rs884205 in subjects with CI and controls in the longitudinal EWAS are listed in Table IV . As with the case of CAD-associated SNPs, for all three SNPs, the prevalence of CI was lower in subjects with minor alleles than in those with major alleles. The CC genotype of rs6580741, the AA genotype of rs1324015, and the TT genotype of rs884205 may thus be protective against CI.
Assessment of LD between the six identified SNPs and other
SNPs associated with CAD or CI. The LDs between the six candidate SNPs identified in the present study and adjacent SNPs across a ~1 Mb genomic region were assessed using the LDproxy in LDlink. The LDproxy analysis indicated that 433 SNPs were in significant LD (r 2 ≥0.5) with one of the candidate SNPs in JPT from the 1000 Genomes Project (Table V) . Of the 433 SNPs, there were no SNPs previously identified to be associated with CAD or CI (P>0.01) according to the GRASP database. In addition, the LDpair analysis in LDlink using allele frequency data in East Asian populations from the 1000 Genomes Project indicated that rs1324015 associated with the prevalence of CI in the present study was not in LD with rs9533425 (D'=0.4709, r 2 =0.0007), previously reported to be associated with lag time (lag phase of the turbidimetric clotting assay) to fibrin clot formation (28) . These results suggest that effects of the candidate SNPs on the prevalence of CAD or CI are independent.
Gene interaction network analysis. To investigate the interactive functional association, a GeneMANIA network analysis was conducted of the top ten genes (high gene-disease association scores) that have been demonstrated to be associated with CAD or CI selected from the DisGeNET database, and of the five genes (ZFP64, FAIM2, ADGRE3, FAM186A, and TNFRSF11A) identified in the present study (Fig. 1) . Given that LINC00400 non-coding RNA has not been well characterized, it could not be examined. The network analysis showed that the CAD-and CI-associated genes identified in the present study have potential direct or indirect interactions with several genes previously demonstrated to be associated with CAD and CI, respectively. The network suggested that ZFP64 and FAIM2 interact with LOX and both CRP and APOB, respectively. In addition, ADGRE3 and TNFRSF11A were indicated to be co-expressed with ALOX5AP and CD40LG. The network also suggested that TNFRSF11A interacts and is co-expressed with PFKCH and ADH1B, respectively. Additionally, in the network, FAM186A was indirectly connected with CI-associated genes (NPY and F5) through TMPRSS15. 
Discussion
In the present study, genetic variants that confer susceptibility to CAD and CI were investigated. The longitudinal EWASs in a Japanese cohort identified that rs4606855 of ADGRE3, rs3746414 of ZFP64 and rs7132908 of FAIM2 were significantly associated with the prevalence of CAD, whereas rs6580741 of FAM186A, rs1324015 of LINC00400 and rs884205 of TNFRSF11A were significantly associated with the prevalence of CI. According to the databases, these SNPs may be novel susceptibility loci for CAD or CI.
The adhesion G protein-coupled receptor E3 (ADGRE3) gene is located at chromosomal region 19p13.12, and rs4606855 [G/C (E75Q)] in this gene was significantly associated with the prevalence of CAD. The mRNA of ADGRE3 is predominantly expressed in neutrophils, monocytes and macrophages, and this protein may be important for interactions between myeloid cells including neutrophils and monocytes during immune and inflammatory responses (44) . Given that vascular inflammatory responses serve a role in the development of coronary atherosclerosis and thrombosis (45) (46) (47) (S451N) ] was significantly associated with the prevalence of CAD. ZFP64 protein may be a positive regulator of Toll-like receptor-induced innate immune responses through tumor necrosis factor (TNF)-α, interleukin-6 and interferon-β production in macrophages (50) . In fact, Zfp64 knockdown mice exhibited significant reductions in the production of these cytokines (50) . Thus, the association of ZFP64 with CAD may be attributable to the effect of this gene on the development of coronary atherosclerosis or thrombosis.
The Fas apoptotic inhibitory molecule 2 (FAIM2) gene is located at 12q13.12, and rs7132908 (G/A) in this gene was associated with the prevalence of CAD. FAIM2 is predominantly expressed in the brain while moderate expressions are also observed in other various tissues and organs, according to The Human Protein Atlas. AIM2 inhibits Fas-mediated apoptosis (51) . The Fas cell surface death receptor gene (FAS) serves important roles in the regulation of the immune system through inducing apoptosis of autoreactive or antigen-presenting T lymphocytes (52) (53) (54) . Given that FAIM2 regulates Fas-mediated apoptosis during immune responses, rs7132908 in this gene may be associated with the incidence of CAD through altering the regulation of immune or inflammatory responses.
The TNF receptor superfamily member 11a (TNFRSF11A) gene is located at chromosomal region 18q21.33, and is expressed in various tissues and organs including the brain, according to The Human Protein Atlas. In the present study, rs884205 (G/T) of TNFRSF11A was significantly associated with the prevalence of CI. TNFRSF11A and its ligand (TNFRSF11) may be important regulators of the interaction between T cells and dendritic cells that are involved in immune surveillance (55, 56) . In mice, TNFRSF11/TNFRSF11A (also known as RANKL/RANK) signaling could trigger inflammatory fever responses in the central nervous system (55) , and may serve anti-inflammatory roles in ischemic brains (56) . The rs884205 in TNFRSF11A may thus influence the development of CI.
The exact functions of proteins encoded by the family with sequence similarity 186 member A (FAM186A) and long intergenic non-protein coding RNA 400 (LINC00400) genes are unknown. However, it has been reported that rs9533425 located near LINC00400 at chromosomal region 13q14.11 demonstrated a significant association (P=1.9x10 -9 ) with lag time to fibrin clot formation in 2,100 subjects from the Twins United Kingdom (TwinsUK) registry in stage 1 study, although the association of this SNP was not replicated in stage 2 study (28) . In the present longitudinal EWASs, rs1324015 of LINC00400 was significantly associated with the prevalence of CI. According to LDpair in LDlink, rs1324015 was not in LD with rs9533425 in East Asian populations. Although the functional relevance of the candidate SNP to the development of cerebral atherosclerosis or thrombosis remains unclear, LINC00400 may be a susceptibility locus for the incidence of CI.
There were certain limitations in the present study. First, the longitudinal EWASs were conducted in only a local Japanese population, and the observed number of patients who were affected by the target diseases was not sufficient. Thus, replication of longitudinal EWASs in other Japanese populations or other ethnic groups is required to verify the association of the identified SNPs with the diseases of interest. However, to the best of our knowledge, longitudinal data for CAD and CI in other populations are unavailable at present. Second, no experiments for functional analyses were conducted in the present study. Thus, the functional relevance of the candidate SNPs identified by longitudinal EWASs to the pathogenesis of the diseases of interest remains unclear. Due to the lack of experiments for functional analyses, the association of the SNPs identified in the present study with CAD or CI should be interpreted with caution. Further functional analyses are required to clarify the present results.
In conclusion, rs4606855 of ADGRE3, rs3746414 of ZFP64 and rs7132908 of FAIM2 may be susceptibility loci for CAD. Additionally, the SNPs rs6580741 of FAM186A, rs1324015 of LINC00400 and rs884205 of TNFRSF11A may be genetic determinants of CI. All minor alleles of the six candidate SNPs exhibited an association with lower prevalence of the associated diseases, compared with the corresponding major alleles. This suggests that the minor alleles of each candidate SNP may be protective against CAD or CI.
